free-base porphyrin, 5,10,15,20-tetrakis(4-carboxyphenyl)-11 21H,23H-porphyrin, and 10 of its metal derivatives (TCPPs) 12 have been used for optical gas sensing. For this purpose, response, with response times of a few seconds, which has been attributed to both the sensitivity of the porphyrins and the high 29 porosity of the TiO 2 films. Also, increasing concentrations of the analytes resulted in an increase in the magnitude of the 30 response, indicating that the sensor behavior is also concentration-dependent.
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INTRODUCTION
32 The detection of volatile organic compounds (VOCs) through 33 electronic nose technologies has been generally based on metal-34 oxide semiconductors and on conducting polymer resistive 35 materials.
1,2 Such systems have shown good results for the 36 discrimination of analytes of different chemical functionality, 37 but the distinction of compounds from within a given chemical 38 class continues to be a challenging task. 3 Also, these materials 39 are not appropriate for the detection of metal-binding species, 40 when many of the most toxic and odorous compounds are 41 excellent ligands for metal ions. Thus, detection of molecules 42 such as amines, phosphines, and thiols has been much less 43 explored. In the past few years, metalloporphyrins have been employed 45 for the optical detection of different gases.
3−9 These molecules 46 are quite stable and their properties can be precisely tuned by 47 films. All spectra were obtained using typically 500 scans with a 2.5. Gas Sensing. A gas testing chamber was used to expose the 177 samples to the VOCs. This chamber consisted of a gas inlet and an 178 outlet, a Peltier heating−cooling device and housings for two optical 179 fibers that deliver and collect the light for the optical measurements. 180 Further details regarding this setup can be found elsewhere. 23 The 181 fibers were connected to a World Precision Instrument "Spectromate" 182 spectrophotometer. Gaseous VOCs were obtained by bubbling dry 183 nitrogen through a bottle immersed in a temperature-controlled water 184 bath containing the desired neat liquid analyte. By means of this 185 procedure, the resulting gas was composed by dry nitrogen saturated 186 in each VOC, whose concentration can be calculated through its vapor 187 pressure at the corresponding temperature. Vapor pressures were 188 controlled by regulating the bath temperature, 20°C in all cases except 189 for the VOC concentration dependence experiments where a 190 temperature of 0°C was used in order to avoid a possible 191 condensation of the analyte inside the gas chamber or the tubing 192 system. Finally, the exact desired concentration was obtained by 193 diluting the VOC−N 2 gas stream with another N 2 gas stream, and 194 calculated by applying the corresponding dilution factor. Similar 195 procedures for the generation of low ppm levels of VOCś in nitrogen 196 can be found in the literature. Prior to the gas exposure phase, dry N 2 was introduced through the 198 gas inlet to allow complete desorption of possible contaminating gases 199 from the inner walls of the chamber and thus preventing the 200 contamination of the samples. Then, the samples were introduced into 201 the gas chamber and again dry N 2 was introduced into the chamber to 202 allow complete desorption of possible contaminating gases adsorbed 203 on the sample. After this, the gas mixture (VOC and N 2 ) was directed 204 into the gas chamber until complete saturation of the porphyrin. All 205 samples were exposed at room temperature (∼293 K). For the 206 recovery phase, dry N 2 was introduced again to remove all the VOC 207 gases from the chamber. This phase occurred at elevated temperature 208 (∼383 K) to allow complete desorption of the VOCs from the 209 samples. 210 2.6. Identification Patterns. To create selective easy-to-read 211 identification patterns, we have developed an innovative way of 212 showing the optical response based on imaging spectroscopy. For each 213 porphyrin and analyte, the nonexposure spectrum was subtracted from 214 the exposure one at each wavelength and then normalized to the 215 maximum absorbance of the nonexposed spectrum. Finally, the 216 resulting values were squared to maximize differences. All the squared 217 difference spectra for each analyte in the Soret band region were put 218 together and converted into an m × n matrix (where m is the 219 wavelength and n is the number of used porphyrins, n = 11 in this 220 case) which was represented as color image using Origin Pro 8 221 software. Through this representation, a barcodelike image consisting 222 of 11 columns and m rows, in which the different values (11 × m 223 pixels) are colored from red to blue (i.e., non change points are 224 represented in red and maximum change points are colored in blue), 225 was created for each analyte. The analysis of the images in Figure 2 reveals that the 234 observed apertures correspond to mesopores (i.e., pores bigger 235 than 2 nm) extending from the surface to the bottom of the 236 film. This allows the accessibility of large molecules like 237 porphyrins during the composite preparation and improves 238 subsequent applications that would require a fast diffusion of 239 gas molecules through the film structure. Figure S1 ).
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The observed partial changes are therefore consistent with 293 the presence of free carboxylic acid groups coexisting with 294 carboxylate groups bound to TiO 2 . In this situation, the para 295 substituted TCPPs are likely to be bound only by one or two of 296 its four carboxyl groups to the metal oxide surface due to its 297 planar structure, resulting in a perpendicular orientation of the 298 molecule with respect to the surface. 26 Although this spectroscopic characterization has been 363 focused on the H 2 TCPP and ZnTCPP derivatives, the rest of 364 the metal complexes showed a similar behavior in terms of 365 binding to TiO 2 and π−π interaction. 366 In order to assess the dye surface coverage, the porphyrin 367 surface concentration Γ, was calculated for the different 368 derivatives by integrating the absorption spectrum, both in 369 solution and in the film, according to the method provided 370 elsewhere. 18 The Γ values were in the range (3−5) × 10 −9 mol 371 cm −2 depending on the porphyrin, with maximum variations 372 below 10% of the average value in all cases. 3.3. Gas-ns. Composite porphyrin/TiO 2 films obtained 374 from each one of the 11 porphyrins have been exposed to 375 vapors of the following 12 different analytes: acetone, 376 acetonitrile, chloroform, butylamine, dichloromethane, dieth-377 ylether, dimethylformamide, ethanol, hexanethiol, hexylamine, f5 378 methanol, and tetrahydrofuran. Figure 5 (top) shows the 379 spectra of ZnTCPP and H 2 TCPP composite films before and 380 after their exposure to acetone. In the case of the ZnTCPP, the 381 Soret band is red-shifted (13 nm) and increased after the 382 exposure. The exposed H 2 TCPP film spectrum shows less red 383 shift (8.5 nm) and some decrease with respect to the pre− 384 exposure spectrum. In Figure 5 (bottom), spectra of ZnTCPP 385 and H 2 TCPP films before and after exposure to butylamine are 386 shown. In this case, the ZnTCPP Soret band is more red− 387 shifted after the exposure than when exposed to acetone (17.5 388 nm), and the intensity of the absorbance is much more 389 increased. However, the H 2 TCPP spectrum shows a smaller 390 shift (4.5 nm), and an intensity increase like in the case of the 391 ZnTCPP derivative. The spectral changes of the rest of The observed spectral changes demonstrate that porphyrins 455 exposed and non−exposed spectra and blue is the highest 456 change detected. As detailed in the Experimental Section, this 457 method maintains all the information regarding the intensity 458 changes at each wavelength of the Soret band region. Another 459 interesting method found in the literature consists of a color 460 RGB difference image of a spot of the porphyrin samples before 461 and after exposure to the target analyte. 4 In that case, only 3 462 values related to the difference spectrum (red, green and blue of 463 a 8-bit color palette) are used for the identification pattern. 464 Although this method has shown excellent sensing capabilities 465 in terms of selectivity and analyte discrimination 4,5,7,8 a possible 466 loss of information regarding the spectral changes cannot be 467 discarded since such spectral changes contain a potential 468 identification value at each wavelength of the spectrum. 469 Therefore, an image containing all these changes can be 470 nowadays an ideal identification pattern given that cheap and 471 versatile image-reading devices are available in the market. 472 Additionally, the proposed approach is ready to access other 473 spectral regimes such as the infrared, provided that new 474 materials with sensing activity in that range are used, which 475 enables this identification system to exploit optical sensing 476 beyond the human-vision-based RGB colorimetric systems.
477
As can be seen in Figure 6 , each analyte has a characteristic 478 pattern that differs from the rest in one way or another, 479 allowing the virtual identification of all analytes. Although some 480 compounds show similarities to others, for example, acetone 481 and acetonitrile or chloroform and dichloromethane have 482 similar patterns, they are not identical. 483 In particular, butylamine, hexylamine, hexanethiol, and 484 dimethylformamide are the analytes that produce the highest 485 values of change, especially when the exposed porphyrin is 486 ZnTCPP. On the other hand, the exposure to acetone or 487 (1) 540 where n ads is the number of gas molecules adsorbed (which is 541 proportional to the change in Soret band absorbance, 542 ΔAbsorbance), N s is the number of adsorption sites, λ is a 543 constant relating to the adsorbability of the gas and c is the 544 concentration of the gas, [EtOH] . Rearrangement of eq 1 leads 545 to the linear form of the Langmuir adsorption isotherm
(2) 547 Therefore, a plot of c/n ads versus c should yield a straight line if 548 the data points follow the Langmuir model. Figure 7 (inset) 549 shows a plot of c/ΔAbsorbance vs c, and a straight line is 550 obtained, indicating that Langmuir adsorption, even with its 551 limited assumptions, provides a basic understanding of the 552 EtOH−ZnTCPP interaction during the sensing process. 553 According to the assumptions of the Langmuir model, it can 554 be concluded that the activation energy of adsorption is the 555 same for all binding sites in the thin film assembly, that there 556 are a fixed number of localized surface sites present on the 557 surface and that EtOH molecules striking a surface site that is 558 already occupied do not adsorb.
559
The Langmuir adsorption model was applied to the exposure 560 of all TCPPs/TiO 2 films to butylamine gas and to the exposure 561 of ZnTCPP/TiO 2 films to all 12 used analytes (see Tables S1  562 and S2 in the Supporting Information) . In all cases, a straight 563 line was obtained, indicating that our system follows the 564 Langmuir model. 565 To know quantitatively the speed of response, the value of 566 t 50 , which is the time taken for the absorbance to reach the 50% 567 of its total maximum change, was calculated. properties of the titania film play an important role. The 579 microstructured film is highly porous, which leads to an easy 580 diffusion of the gas molecules through the surface and therefore 581 every porphyrin is exposed to the analyte without any delay. 582 Overall, the set of porphyrins have shown good capabilities 583 for gas sensing with interesting odor detection applications. 584 The response has been found to be very selective, allowing the 
